Cobalt-chromium (Co-Cr) alloys are used in clinical practice for the hard tissue reconstruction because of their favorable biocompatibility and mechanical properties. However, their applications have been limited because of their poor bioactivity, making them poor at bone-bonding. In this study, the bioactivity of a Co-Cr alloy was evaluated following the immobilization of cross-linked poly-γ-glutamic acid (γ-PGA) onto its surface via the formation of 11-aminoundecylphosphonic acid self-assembled monolayers (SAMs). Results of X-ray photoelectron spectroscopy revealed the presence of a new P2p peak, which confirms SAMs formation. Furthermore, the surface became highly hydrophobic following the immobilization with γ-PGA. Subsequent treatment with CaCl2 at 0.5 M or more and soaking in a simulated body fluid led to the formation of a low crystalline apatite. The present results show that chemical modification can be used to induce the formation of an apatite layer on the surface of a Co-Cr alloy in simulated body fluid.
INTRODUCTION
Co-Cr alloys have been used in a wide variety of biomedical applications, including dental, cardiovascular and orthopedic devices 1, 2) . Alloys of this type generally demonstrate high levels of biocompatibility and also possess excellent mechanical properties, including resistance to pitting, wear, high abrasion and crevice corrosion, as well as showing high fatigue strength, malleability and ductility 3, 4) . Co-Cr alloys are frequently used in implant materials during joint replacement procedures involving hard tissues, such as tooth and bone, where they come into direct contact with blood, soft tissue and bone 5, 6) . Despite their many advantages and widespread application in biomedical devices, several issues have been reported with regard to the use of Co-Cr alloys in clinical studies, most notably a lack of bioactivity, leading to poor bone bonding.
An important requirement for a material to demonstrate bioactivity is the ability to form biologically active bone-like apatite on its surface 7) . The formation of apatite can even occur in simulated body fluid (SBF), which is a solution containing inorganic ion concentrations almost equal to those of human extracellular fluid 8, 9) . In a physiological environment, chemical surface modification processes such as alkali treatment and anodic oxidation can be used to convert Ti and its alloys [10] [11] [12] [13] [14] and Ta 15) into bioactive materials. However, the use of these modifications has been shown to be ineffective for Co-Cr alloys 10) . Although the application of a bioactive glass coating to the surface of Co-Cr alloys has been evaluated in detail 16) , very few studies have been reported pertaining to the precipitation of apatite onto Co-Cr alloys in SBF.
It was recently reported that self-assembled monolayers (SAMs) can be successfully constructed on the surfaces of a variety of different metals, including Co, Co-Cr alloys, stainless steel, gold and Ti-45Nb alloy [17] [18] [19] [20] [21] . In addition, our group recently demonstrated that crosslinked poly-γ-glutamic acid (γ-PGA) can be used to induce bone-like apatite layers in SBF [22] [23] [24] . Taken together, these findings suggest that the immobilization of γ-PGA onto a Co-Cr alloy constructed from SAMs could be used to increase the bioactivity of the alloy.
In this study, we have prepared a series of SAMs based on 11-aminoundecylphosphonic acid (11-AUPA):NH 2(CH2)11PO3H2•HBr and subsequently immobilized γ-PGA. The apatite-forming properties of these layers were subsequently assessed in SBF. Ca 2+ was also incorporated into the specimens to enhance their apatite-forming ability.
MATERIALS AND METHODS
The Co-Cr alloy used in the current study was purchased from Nihon Shika Kinzoku (Osaka, Japan), and its elemental composition is listed in Table 1 . 11-AUPA was purchased from Dojindo Laboratories (Kumamoto, Japan). γ-PGA with a molecular weight in the range of 800 to 1,200 kDa was purchased from Meiji Seika (Tokyo, Japan). N-Hydroxysuccinimide (HOSu) was purchased from Wako Pure Chemical Industries (Osaka, Japan) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC•HCl) was purchased from Tokyo Chemical Industry (Tokyo, Japan). All of the other reagents used in the current study were purchased from Nacalai Tesque (Kyoto, Japan). Ultrapure water with a resistivity of 18 MΩ•cm was Bioactive Co-Cr alloy for biomedical applications prepared by surface modification using self-assembled monolayers and poly-γ-glutamic acid prepared using a water purification system (Direct-Q, Millipore, Billerica, MA, USA). The Co-Cr alloy was cut into thick disks (15 mm diameter×1.0 mm), which were polished with #500, 1000 and 1500 SiC waterproof abrasive papers. The polished disks were then subjected to ultrasonic irradiation in a 0.5% sodium dodecyl sulfate aqueous solution, followed by ethanol and then acetone for 20 min each. The chemical surface modification was performed by soaking the disks in 5 mL of a 1 mM 11-AUPA solution in ethanol at 36.5°C for 2 days, followed by soaking in an aqueous solution of γ-PGA with stirring for 1 day at room temperature. The reagent composition of the γ-PGA solution is listed in Table 2 . The untreated and treated specimens were subsequently immersed in CaCl 2 solutions of various concentrations at 36.5°C for 1 day. Finally, all the specimens were soaked in 30 mL of SBF (Na 2− :0.5 mM) at 36.5°C for 7 days 8) . After soaking, the disks were removed from the SBF and immersed in ultrapure water for 1 day to remove any excess residual water-soluble salts before being dried at room temperature.
Changes in the chemical compositions and surface structures of the samples were characterized by X-ray photoelectron spectroscopy (XPS, KRATOS AXIS-His, Shimadzu, Kyoto, Japan), contact angle analysis (DMe-200, Kyowa Interface Science, Saitama, Japan), thinfilm X-ray diffraction (TF-XRD, MXP3V, Mac Science, Yokohama, Japan) and scanning electron microscopy (SEM, S-3500N, Hitachi, Tokyo, Japan). The binding energies were measured by XPS and corrected based on the binding energy of the C1s of the methylene groups of the hydrocarbon (284.6 eV) adsorbed onto the surface of the substrate.
RESULTS AND DISCUSSION
SEM images of the Co-Cr alloys before and after their sequential treatment with 11-AUPA and γ-PGA are shown in Fig. 1 . Significant differences were not observed even after the treatments. The XPS spectra of the O1s, C1s, N1s and P2p regions of the Co-Cr alloys both before and after the treatment of the alloys with 11-AUPA are shown in Fig. 2 . Notably, there was a significant increase in the intensity of the peak around 285 eV in the C1s spectrum following the treatment of the Co-Cr alloy with 11-AUPA. The O1s spectrum of the untreated alloy contained peaks at 530 and 532 eV, which were attributed to the metal oxide and hydroxide moieties, respectively 25) . After being soaked in a solution of 11-AUPA, the XPS spectrum of the CoCr alloy contained a large peak at 531 eV, which was attributed to the P-OH or P=O bonds 26) . The spectrum of the 11-AUPA-soaked material also contained two small peaks around 414.8 and 133 eV in the N1s and P2p regions, respectively. These results therefore suggested that 11-AUPA had been successfully immobilized onto the surface of the Co-Cr alloy. Contact angle images were recorded for the Co-Cr alloy with ultrapure water both before and after it had been soaked in a solution of 11-AUPA (Fig. 3) . Contact angle images were also recorded in the same way following the soaking of the 11-AUPA-treated material in a solution of γ-PGA (Fig.  3) . The results of these experiments demonstrated that the contact angle decreased from 73.6° to 54° and then to 24.4° after the 11-AUPA and γ-PGA treatments, respectively, which indicated that the surface of the alloy was becoming increasingly hydrophilic with each treatment.
The TF-XRD patterns of the Co-Cr alloys were measured before and after their sequential treatment with 11-AUPA, γ-PGA and a 1 M solution of CaCl 2 in SBF for 3 or 7 days, and the results are shown in Fig.  4 . The TF-XRD pattern of the untreated Co-Cr alloy in the 2θ mode contained peaks at 43° and 47°, which were assigned to Co-Cr and α-Co, respectively. No changes were observed in the positions of these peaks after the different soaking treatments. However, two new broad peaks appeared at 26° and 32° in the 2θ mode for the Co-Cr alloys treated with 11-AUPA and γ-PGA after they had been soaked in SBF for 3 days. SEM images were collected for the Co-Cr alloys before and after their sequential treatment with 11-AUPA, γ-PGA and a 1 M solution of CaCl 2 in SBF for 3 or 7 days, and the results are shown in Fig. 5 . The results revealed that a layer of fine particles formed in the alloys treated with CaCl 2 in SBF that almost covered their entire surface. This effect was not observed in the untreated samples.
The effect of the CaCl 2 concentration on the formation of apatite was also examined. The TF-XRD patterns of the Co-Cr alloy were recorded following alloy.
These results indicate that γ-PGA had been successfully immobilized on the Co-Cr alloy following the sequential soaking of the alloy with a solutions of 11-AUPA and γ-PGA solution containing EDC•HCl and HOSu. Alginate can be immobilized on stainless steel surfaces that have been modified with 3-aminopropyltriethoxysilane via the formation of amide bonds 27) . With this in mind, it was assumed that the γ-PGA used in the current study was also being immobilized on the surface of the Co-Cr alloy, albeit through the formation of amino bonds, as shown schematically in Fig. 7 . Namely, the 11-AUPA reacted with the Co-Cr alloy via a dehydration/condensation reaction between the P-OH groups of the 11-AUPA and the OH groups on the surface of the alloy. This result was confirmed by XPS analysis, which revealed the presence of N and P atoms derived from 11-AUPA after the treatment process (Fig. 2) . When the 11-AUPAtreated alloy was subsequently immersed in a solution of γ-PGA containing HOSu and EDC•HCl, the amino groups of the 11-AUPA reacted with the carboxyl acid groups in γ-PGA to form the corresponding amide bond. The occurrence of this reaction was supported by the observed change in the contact angle of the alloy (Fig. 3) . The formation of the SAMs was based on the naturally occurring OH groups on the surface of the alloy. If the density of the OH groups on the surface of the alloy could be increased with a pre-treatment process, then we would expect that the amount of immobilized 11-AUPA and γ-PGA on the surface of the alloy would also increase, which would consequently lead to an increase in the formation of apatite. The effect of the pre-treatment process on the reactivity of the alloy will be examined in greater detail as part of our future work. The modification process described here allowed for the formation of apatite on the surface of a modified Co-Cr alloy in a simulated body environment. The mechanism of apatite formation on the Co-Cr alloy involved the formation of chemical bonds on the surface of the alloy between 11-AUPA and γ-PGA. The carboxyl groups on the γ-PGA units would interact with the Ca 2+ , HPO4 2− and PO4 3− ions to allow for the heterogeneous nucleation of the apatite in SBF. Furthermore, sufficient Ca 2+ ions would be released from the surface of the specimen into the SBF, leading to an increase in the degree of supersaturation with respect to the apatite when the sample was treated with an aqueous solution of CaCl 2 at concentrations in the range of 0.5 to 1.0 M.
CONCLUSION
SAMs functionalized with 11-AUPA were formed on the surfaces of Co-Cr alloys in aqueous solution. γ-PGA was then immobilized on the SAMs via a covalent crosslinking reaction. Apatite layers subsequently formed on the surfaces of the modified alloys when they were submerged in SBF containing a sufficient amount of Ca 2+ . The results of this study therefore represent a novel surface modification method that can be used to increase the bioactivity of bioinert materials.
